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ABSTRACT 
Improving habitat-selection models for grizzly bears is important to the conservation and 
management of the species. Remote-sensing data can be used to derive vegetation indices 
from Landsat TM, a surrogate for habitat quality. This study compared and evaluated 
Tasseled Cap Analysis (TCA) 'Greenness' and NDVI based on grizzly bear habitat 
selection, derived from radio-telemetry, in central British Columbia. Four groups of 
habitat models were developed for the mountain and plateau portions of the study area. 
AIC was used to rank the models and a k-fold cross validation to evaluate these 
competing models. One model using TCA greenness and a 21x21-pixel buffer with data 
from mountainous regions had the best predictive ability. Bears in the mountains are 
more dependant on vegetation as a food source, which is reflected in their selection for 
areas of higher greenness compared to plateau bears which have more access to ungulates 
and have larger home range sizes. 
v 
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INTRODUCTION 
This project was initiated to investigate the differences between measures of 
greenness or vegetation indices, derived from remote-sensing imagery. These have been 
used for analysing habitat use for numerous species (Carroll et al. 1999a), but this study 
focused on the application of vegetation indices in habitat models for grizzly bears. An 
extensive review of habitat-modelling literature revealed that Tasseled Cap Analysis 
(TCA) and Normalized Difference Vegetation Index (NDVI) greenness were the most 
common vegetation indices used in habitat models for grizzly bears (Mace et al. 1999, 
Gibeau 2000, Stevens 2002, Ciarniello 2006). 
In this study TCA and NDVI greenness were evaluated using logistic regression 
techniques based on grizzly-bear, radio-telemetry locations (use) and randomly generated 
points (availability). These data were collected as part of a larger grizzly bear research 
project called the Parsnip Grizzly Bear Population and Habitat Inventory Project 
(PGBPHIP), where data were collected from both mountainous and plateau habitat types. 
In this study I developed combinations of greenness analysis methods and a range of 
buffer sizes to address my research questions. 
Vegetation Indices 
A common approach to modeling wildlife habitat is the use of remote-sensing, 
specifically satellite imagery as a component of habitat models (Al-Garni 1996, Merrill et 
al. 1999). Remote sensing is the science of deriving information about the earth's land 
and water areas from images acquired at a distance (Campbell 1987). Remotely sensed 
data are captured as bands, recording energy reflected at different wavelengths of the 
electromagnetic spectrum. These can be combined to create various new image channels, 
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such as band ratios, principal components and vegetation indices. 
Vegetation indices, derived from remote-sensing data, quantitatively and 
qualitatively evaluate vegetation covers using spectral measurements. According to 
Bannari et al. (1995), "An index is a number qualifying the intensity of a phenomenon 
that is too complex to decompose into known parameters". Vegetation indices are 
increasingly being used to model wildlife habitat and natural resources, including for 
grizzly bears (Nielsen et al 2003, Ciarniello 2006,). This approach is potentially not only 
cost effective, but also allows biologists and managers to monitor changes to the 
landscapes where grizzly bears live (Mace et al. 1999, Carroll et al. 1999a, Stevens 2002, 
Nielsen et al. 2003, Ciarniello 2006). It obviates the often-prohibitive expense, and 
dangerous time-consuming nature of ground-based habitat assessments (Stevens 2002). 
There are over 40 well-developed vegetation indices commonly used with remote 
sensing data (Bannari et al. 1995). Two vegetation indices or measures of greenness, 
derived from satellite imagery such as Landsat Thematic Mapper (TM) data, are the 
output of Tasseled Cap Analysis (TCA) (Crist and Ciccone 1984) and the Normalized 
Difference Vegetation Index (NDVI) (Rouse et al. 1974). Both these indices use a 
combination of Landsat TM bands to calculate numerical greenness values for each pixel 
of a remote sensing image. 
TCA greenness (Crist and Ciccone 1984) was derived from the Kauth Thomas 
transformation (Kauth and Thomas 1976), which combines 6 bands of Landsat TM data 
(Table 1). The TCA transformation multiplies the digital number (DN) of each pixel by a 
band specific constant, adding an index-specific factor to the sum of the indices for all 
bands (Crist and Cicone 1984, 
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Table 1. Radiometric range, resolution and spectral response of bands for the Landsat TM 
sensor (NASA 1976). 
Band Wavelength Interval (fxm) Resolution (m) Spectral response 
1 
2 
3 
4 
5 
6 
7 
0.45-0.52 
0.52-0.60 
0.63-0.69 
0.76-0.90 
1.55-1.75 
0.40-12.50 
2.08-2.35 
30 
30 
30 
30 
30 
120 
30 
Blue-Green 
Green 
Red 
NearlR 
Mid-IR 
Thermal IR 
Mid-IR 
Note: Bands for the Enhanced Thematic Mapper (ETM) launched in 1999, are the same 
except that Band 6 has a resolution of 60 m. For conciseness, and as Band 6 was not used 
in this study, such data are subsequently referred to as TM. 
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Crist and Kauth 1986). TCA greenness is a measure of reflectance and an expression of 
leaf area index (White et al. 1997b) and a measure of the vigor of herbaceous vegetation, 
and was initially developed to monitor agricultural crop production (Kauth and Thomas 
1976, Crist and Kauth 1986). For Landsat TM data, the output channels of the TCA are 
brightness, greenness, wetness, haze and 2 other channels (Table 2), although most 
software generates only the first 3 output channels. The thermal band (6) is not included 
as input. 
NDVI (Rouse et al. 1974) is a ratio of reflectance between band 3 and band 4 of 
Landsat Thematic Mapper imagery and has been found to be an accurate and reliable 
means of detecting vegetation health or vigor (Kidwell 1990) and as a measure of the 
biomass of herbaceous vegetation (Tucker and Sellers 1986, Merrill et al. 1993). It also 
can be used to monitor the phenology of plant growth (Bannari et al. 1995, Nielsen et al 
2003). NDVI can be temporally described by calculating estimated onset, peak, 
senescence and duration of vegetation greenness by calculating maximum NDVI values 
for particular periods during the growing season (Markon et al. 1995, Datt 2000, Galvao 
et al. 2000). Some minor temporal changes may occur from year to year or season to 
season, but typically the progression of greenness on the landscape follows the same 
pattern annually (Eastman and Fulk 1996). 
The TCA and NDVI are quantitative measurements of reflectance, indicating the 
vigour of herbaceous vegetation (Campbell 1987, Bannari et al. 1995) and primary 
productivity (Tucker and Sellers 1986, Ruimy et al. 1994, Markon et al. 1995, Duchemin 
et al. 1998, Schwartz and Reed, 1999). The products of the TCA or NDVI 'greenness' 
have been used to estimate the timing of phenological vegetation changes (Chen et al. 
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Table 2. Tasseled Cap Analysis Multiplicative Matrix for Landsat TM data. 
Tasseled Cap 
Index 
Brightness 
Greenness 
Wetness 
Haze 
Otherl 
Other2 
TM 
Bandl 
0.2909 
-0.2728 
0.1446 
0.8461 
0.0549 
0.1186 
TM 
Band2 
0.2493 
-0.2174 
0.1761 
-0.0731 
-0.0232 
-0.8069 
TM 
Band3 
0.4806 
-0.5508 
0.3322 
-0.4640 
0.0339 
0.4094 
TM 
Band4 
0.5568 
0.7221 
0.3396 
-0.0032 
-0.1937 
0.0571 
TM 
Band5 
0.4438 
0.0733 
-0.6210 
-0.0492 
0.4162 
-0.0228 
TM 
Band6 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
TM 
Band7 
0.1706 
-0.1648 
-0.4186 
0.0119 
-0.7823 
-0.0220 
(Crist and Kauth 1986, Aufmuth 2001, ERDAS Inc. 1997) 
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2000, Lee et al. 2002, Xin et al. 2002, Oindo 2002, Suzuki et al. 2003). Clouded areas 
and their shadows will mask the reflectance information in all bands, making it necessary 
to remove them from use, and all other pixels may be contaminated by atmospheric 
interference and differential illumination (Lay 2005). 
TCA and NDVI greenness are usually similar and strongly correlated (Bannari et 
al. 1995, Aufmuth 2001). TCA is derived from a combination of 6 Landsat TM bands, 
while NDVI uses only 2 bands. Although these two indices are highly correlated, 
differences may occur under changes in environmental conditions and for different 
vegetation cover (Todd et al. 1998, Aufmuth 2001).These two indices exploit the contrast 
between the high absorption in the visible wavelengths and the high reflectance of the 
near-infrared wavelengths by green vegetation (Crist and Cicone 1984, Bannari et al. 
1995, Lay 2005) and have been found to be related to net primary productivity, biomass, 
leaf area index (LAI), crown closure and other vegetation characteristics (Baret and 
Guyot 1991, Cihlar et al. 1991, Merrill et al. 1993, Bannari et al. 1995, White et al. 
1997a). Vegetation indices can be used to monitor changes in vegetation phenology such 
as growth of new tissue or increase in biomass (Merrill et al. 1993, Groten and 
Ocatre 2002), and may be related to wildlife forage quality where increases in greenness 
values correspond to increases in plant biomass (Cameron and Whitten 1980, Crist and 
Cicone 1984, Lay 2005). 
All Landsat platforms operate from a sun-synchronous, near-polar orbit, each 
imaging the same 185 km ground swath every 16 days (Jensen 1996). Landsat data 
can be used to monitor longer term spatial change in forest structure and characteristics 
(Sader 1995) and temporal change in landscape structure (Jano et al. 1998). Landsat 7 
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was launched in 1999 and was equipped with Enhanced Thematic Mapper Plus (ETM+) 
replicating the earth observing instrument (Thematic Mapper) on Landsat 4 and 5. 
Landsat sensors are generally not well suited to short term temporal spatial resolution as 
each scene is only available every 16 days. The main limitation to acquiring good images 
is weather and clouds. 
There are numerous remote-sensing platforms and sensors that have different 
utility and operate at different spatial resolutions. These include NOAA-AVHRR and 
EOS MODIS (low resolution 250 m - 1 km), Landsat 4 / 5 TM, Landsat 7 ETM+, SPOT 
HRV and Panchromatic, and ASTER (medium resolution 5-30 m), and IKONOS and 
Quickbird (high resolution ~1 m). These sensors have specific bandwidths and intervals 
and may yield different greenness and biomass estimates (Verbyla and Richardson 1996, 
Nemani and Running 1997, Galvao et al. 2000, Hoekman and Quinones 2000, Saachi and 
Moghaddam 2000). The high resolution sensors (IKONOS and Quickbird) can be used 
for finer spatial scale requirements. 
Habitat Models in General 
Most habitat models are a descriptive mathematical representation of the 
relationship between a species occurrence and its habitat (Morrison et al. 1992, Starfield 
1997). Broader scale habitat models have been developed using GIS and remote sensing, 
often incorporating expert opinion to classify habitat variables for a broad range of 
species (Aspinall and Veitch 1993, Clark et al. 1993, Gaines et al. 1994, Clevenger et al. 
1997, Debinski et al.1999). Habitat models using remote sensing have been developed for 
numerous species, but in this study will focus on habitat models for grizzly bears. 
Initially grizzly bear habitat maps using remote-sensing data were developed to classify 
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habitat types with varying levels of accuracy (Craighead et al. 1982 and 1985, Janssen 
and van der Wei 1994). Many biologists quickly realized their utility as a tool to map and 
classify remote inaccessible terrain, as related to grizzly bear habitat use (Butterfield and 
Key 1985, Manly et al. 1993, Craighead 1995) and enhanced with field validations (Mace 
and Waller 1997). 
Grizzly Bear Habitat Models 
Greenness, as a measure of the vigor of herbaceous vegetation and a potential 
surrogate for habitat quality (Stevens 2002), derived from remote sensing data, is an 
increasingly common and important component in habitat models for grizzly bears (Mace 
and Waller 1997, Nielsen et al. 2003, Ciarniello 2006). Habitat models are essential to the 
future conservation and management of grizzly bears in North America (Paquet and 
Hackmanl995, Boyce and McDonald 1999, Stevens 2002, Nielsen et al. 2003). Some 
habitat models have been developed based on extensive field surveys and data on species 
occurrence and habitat variables (Weaver et al.1987, Clark et al. 1993, Kansas and 
Riddell 1995, Mattson et al. 1999, Theberge 2002). 
Vegetation phenology is the study of recurring vegetation cycles and their 
connection to climate (Spano et al. 1999). In North America, interannual variation in 
forest vegetation phenology is strongly correlated with interannual weather variation. 
Variation in the onset of maximum greenness was observed to vary by a mean of 7.1 days 
in deciduous broadleaf and grassland biomes across the continental United States (White 
et al. 1997b). Phenologically driven grizzly bear habitat models using remote sensing 
have been developed and tested in western Alberta with varying results (Nielsen et al. 
2003). In north-central British Columbia, Lay (2005) found that the July and August 
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Landsat images accounted for as much as 86% of the NDVI greenness variability 
amongst monthly NDVI phenology. Based on NDVI, maximum onset of greenness 
occurred in July and August, when vegetation was at maximum photosynthetic activity, 
between July and August (Lay 2005). This corresponds with field observations in central 
British Columbia, where bears were primarily feeding on herbaceous vegetation until 
later in the summer when they switched to other food sources (Mamo et al. 1999, Ross et 
al. 2000, Ciarniello et al. 2001). 
Selection of an Appropriate Image Resolution 
The spatial and temporal scales of remote-sensing applications depend largely on 
the conservation or management questions posed and the types of remote-sensing 
platform used for the classification, as well as topographic influences (Bian and Walsh 
1993, Sader 1995). The scale of a study can be defined in two ways, which are often 
confounded: grain and extent. Grain is the size of each observational unit and extent is 
the size of the entire study area (Wiens, 1989). 
A consideration in selecting a suitable method for calculating greenness values is 
the issue of scale. Landsat TM resolution is based on an initial 30 x 30 m pixel resolution. 
Grizzly bears are far moving species and may travel several kilometers in a single day 
according to studies in North America (Blanchard and Knight 1991, Mace et al. 1999, 
Mamo et al. 1999, Gibeau 2000) such that habitat used may not be adequately 
represented by a single pixel (Aebischer 1993). Male grizzly bears in central British 
Columbia tend to travel further than females, and movements differ in both mountain and 
plateau habitats as well as occupy larger home ranges (Appendix C) (Ciarniello 2006). In 
Alberta density of high greenness was defined as the average number of high greenness 
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pixels within a 1.5 km radius moving window or the grain of the buffer. This is 
equivalent to the average daily foraging area of a female grizzly bear in the Eastern 
Slopes region of the Central Rockies Ecosystem (Gibeau 2000). Density of high 
greenness therefore defines the abundance of high greenness available to a bear within an 
average day of foraging. In several studies using habitat models, buffers have been 
applied to extent, specifically the home range data to incorporate spatial movements into 
habitat analyses (Ciarniello 2006). These buffers were larger in the plateau portions of the 
PGBPHIP study area. 
The 30 m (pixel) spatial resolution of Landsat TM, is considered to be well suited 
to identifying and classifying important habitats (e.g. avalanche chutes) within a home 
range of a grizzly bear (Ciarniello 2006). In some cases, important habitat patches are 
smaller than one pixel, but more often, habitat types visited during habitat use 
investigations are many times larger than a single pixel (Mamo et al. 1999, Ross et al. 
2000, Ciarniello et al. 2001). Landsat TM data are consistently able to discern habitat 
patches of 2 ha (about 20 pixels) (Mack et al. 1997), as well as, some linear habitat 
features such as avalanche paths (Ramcharita 2000, Forsythe et al. 2003). Landsat TM 
data are also available for the study area and although a single Landsat tile covers an area 
170 x 185 km, several tiles can be mosaiced together to address larger landscape level 
classification needs (Merrill et al. 1999, Ciarniello 2006). 
Resource Selection Functions (RSF) 
A Resource Selection Function (RSF) is defined as any function that is 
proportional to the probability of use by an organism (Manly et al. 1993). The units being 
selected by animals are perceived as resources and predictor variables associated with 
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these resource units may be 'resource' variables or covariates of the resources (Boyce et 
al. 2002). RSF models often are fitted using logistic regression models although a variety 
of statistical models might be used. Model selection methods such as the Akaike 
Information Criterion (AIC) are tools that can be useful for selecting a model from a set 
of biologically plausible candidates (Burnham and Anderson 1998, Boyce et al. 2002). 
A variety of model-testing strategies can be used to evaluate the reliability of the 
model using the partitioned data set(s), including most of the in-sample re-substitution 
techniques (Boyce et al. 2002). K-fold cross validation methods also can be used to 
evaluate spatially explicit RSF model predictions (i.e., GIS maps) by partitioning k 
random subsets from the original data. Following model development, the study area can 
be classified for the probability of occurrence using the RSF model in a GIS, and tallied 
(binned) into an arbitrary number of categories of RSF scores (Boyce and Waller 2003). 
The frequency of observations of RSF scores, adjusted for area, within that particular 
RSF-score category can be plotted. Adjusted frequencies should be highly correlated with 
the RSF scores if the model is a good one (i.e., indicating that the RSF model was indeed 
predicting the relative probability of occurrence of the organisms on the landscape). The 
evaluation can be made using the Spearman-rank correlation coefficient (rs) (Boyce et al. 
2002). This method works particularly well for studies having a single intensive period of 
data collection (e.g. radio telemetry data) across only one region (Boyce et al. 2002, 
Nielsen et al., 2003). 
Remote sensing, GIS and habitat data have been integrated into RSF approaches 
to model habitat use, while using radio-telemetry to train and validate the models (Agee 
and Stitt 1989, Manly et al. 1993, Boyce and McDonald 1999, Boyce and Waller 2003, 
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Ciarniello 2006). Mace and Waller (1997) analyzed habitat selection of grizzly bears 
based on Landsat TM derived habitat maps combined with elevation and aerial 
photograph interpretation, rapid reconnaissance plots were used to evaluate vegetation 
cover types. Similarly, RSF models have been used to assess grizzly bear populations 
across home range, regional or landscape level scales (Franklin et al. 2001, Nielsen et al. 
2003, Apps et al. 2004, Ciarniello 2006). Grizzly bears have exhibited strong selection 
for areas of high greenness in the Northern Continental Divide Ecosystem and the 
Eastern Slopes of Alberta (Mace et al. 1999, Gibeau 2000, Stevens 2002). 
Developments in the use and analysis of GIS provide the opportunity to improve 
mapping of habitats (Erickson et al. 1998). GIS combined with RSF models provide a 
procedure for studying resource selection by wildlife (Boyce and McDonald 1999). RSFs 
can accommodate virtually any type of resource being selected, including both 
categorical and scalar variables. RSF models easily accommodate spatial structure and 
can be interfaced with GIS to facilitate rapid analysis and use of remote sensing and other 
types of spatial data (Arthur et al. 1996, Otis 1998, Boyce and McDonald 1999). 
Research Objectives and Approach 
This study was a component of the Parsnip Grizzly Bear Population and Habitat 
Inventory Project, initiated in 1997, to investigate grizzly bear habitat use in the Parsnip 
River region of central British Columbia (Mamo et al. 1999, Ross et al. 2000, Ciarniello 
et al. 2001, Ciarniello 2006). The data used for this analysis were collected under the 
direction of the author during the first 3 years of the Parsnip Project, while a complete 
overview of project research and data can be reviewed in Ciarniello (2006). This thesis 
uses only a small portion of the data collected during the 7 years of the operational 
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PGBPHIP. 
The objective of this thesis was to compare the greenness data in TCA and NDVI, 
as derived from Landsat TM data, and determine whether either represents a better 
measure of greenness when applied to habitat-selection models for grizzly bears. The 
comparison of these vegetation indices was made using a univariate RSF logistic 
regression model (Manly et al. 1993). The logistic regression analysis exploited use and 
availability data for grizzly bears monitored between 1998 and 2000 as part of the 
Parsnip Grizzly Project. Use points were derived from telemetry location of radio-
collared bears. Availability data were generated from random points selected within the 
annual 100% minimum convex polygon home range for radio-collared bears. A series of 
averaging buffers were applied around each of the use and availability points. The models 
were analysed separately for bears in the mountainous and plateau portions of the study 
area. Models were also analysed using only data collected in the summer months. My 
specific research questions were: 1) does the TCA or NDVI vegetation index perform 
better at measuring greenness using Landsat TM data?; 2) which of a selection of buffers 
perform better when applied to measuring greenness?; and 3) is there a combination of 
TCA, NDVI and buffer sizes that exhibit a better descriptive ability when used in a 
habitat-selection model for grizzly bears? 
To address these questions, I developed competing candidate models to assess 
which measure of greenness is superior. Two sets of models were developed for both 
mountain and plateau data for all seasons and two sets exclusively using summer 
telemetry data. AIC was used to evaluate the most biologically plausible models and a k-
fold cross validation was employed to evaluate the top candidate models. Based on these 
13 
results, recommendations for incorporating vegetation indices into habitat selection 
models are offered. 
STUDY AREA 
The study area encompassed approximately 10,000 km2, centered about the 
Parsnip River in central British Columbia (Figure 1). Ultimately bear movements, after 
being fitted with radio-collars, defined the study area (Mamo et al.1999, Ross et al. 2000, 
Ciarniello et al. 2001, Ciarniello 2006). The study area encompassed the Hart Range 
Ecosection of the Central Rocky Mountains Ecoregion and the McGregor Plateau 
Ecosection of the Fraser Basin Ecoregion. 
The biogeoclimatic zones within the study area are primarily Sub-Boreal 
Spruce (SBS) and Englemann-Spruce Subalpine Fir (ESSF) (Meidlinger et al. 1991). At 
high elevations the mountainous portion of the study area contained alpine tundra (AT) 
(Pojar and Stewart 1991). The SBSwkl, a wet cool subzone of the SBS zone occurred on 
the flat plateau portions of the study area, and the SBSvk (very wet cool subzone) 
occurred in the valley bottoms of the mountainous areas (Delong et al. 1993). The 
SBSmkl (moist cool) occurred on the plateau west of the core study area. The ESSFwk2 
(wet cool) was found above the SBS in mountainous areas, occurring between about 1000 
m and 1300 m. The ESSFwc3 (wet cold) occurred above 1300 m in the mountains, 
extending up to the alpine at about 1500 m. All of these subzones were predominately a 
mixture of hybrid white spruce (Picea glauca x englemanii) and subalpine fir {Abies 
lasiocarpa), but the proportion of subalpine fir increases, and eventually became 
dominant, at higher elevations. Alder (Alnus incana) swales were common in 
mountainous regions as were open avalanche chutes covered with forbs and 
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Figure 1. Study area in central British Columbia, Canada as outlined on a Landsat 
[Enhanced Thematic Mapper (ETM)] 3-4-5 composite image captured July 23, 2000. 
15 
shrubs. Lodgepole pine (Pinus contorta) forests occur on the most xeric sites. Aspen 
(Populus tremuloides), Cottonwood (Populus balsamifera) and birch (Betula papyrifera) 
were present within these forests, especially along riparian zones and in areas that have 
been recently disturbed by logging or fires (Delong et al.1993). 
The most intensive human use of the area was timber extraction and 
approximately 1% of the area of merchantable timber was harvested annually, 
recreational use varied seasonally between hunting, fishing, camping, skiing and all-
terrain vehicle use. Hunting was permitted for black (Ursus americanus) and grizzly 
bears, and most ungulates, especially moose (Alces alces). Monkman Provincial Park was 
adjacent to the study area, where hunting is allowed in some parts. Road density 
throughout most of the mountainous portion of the study area was low, but a major haul 
road penetrated most main drainages to low elevations. Road densities were higher on the 
plateau. Higher elevations and most ancillary drainages were sparsely roaded, but 
increasingly used by resource industries (Delong et al. 1993, Mamo et al. 1999). 
METHODS 
Satellite-image analysis 
A cloud and haze-free Landsat 7 image from July 23, 2000 was acquired from 
Natural Resources Canada by means of a free download from the Natural Resources 
Canada (2007) website (http://geogratis.cgdi.gc.ca/). No other good quality images of the 
study area were located despite an extensive search. The Landsat 7-band image (Table 1) 
was resampled to a 25 m pixel resolution and georeferenced with British Columbia 
Terrain Resource Information Management (TRIM) planimetric data using the PCIWorks 
(PCI Geomatica 1999) software suite, (as was all further analysis). 
16 
TCA Greenness 
The TCA transformation multiplies the digital number (DN) of each pixel 
obtained from the image by a band specific greenness constant (Table 2). TCA greenness 
was calculated using the following formula (Aufmuth 2001): 
TCA = -0.2728(Bandi) - 0.2174(Band2) - 0.5508(Band3) + 
0.7221 (Band4) + 0.0733 (Bands) + 0.0(Band6) - 0.1648(Band7) 
The output of the TCA analysis was brightness, greenness, and wetness channels 
of data, autoscaled between 0 and 255 for each pixel of the study area. Greenness scores 
for both TCA and NDVI were also displayed as grey-scaled images of the study area. 
Normalized Difference Vegetation Index (NDVI) 
NDVI greenness scores, for Landsat TM data, for every pixel in the study area 
were calculated using the formula (Jensen 1986) and autoscaled for 8-bit values: 
NDVI = Band4 - Band3 
Band4+Band3 j 
I used a moving window to assign average TCA and NDVI greenness scores to 
each pixel at various scales (Table 3) across the study area, based on a progression of 
square buffers around a central pixel. The smallest buffer size was a lxl pixel buffer, 
which is the smallest measurable unit as derived from Landsat data, as the size of a single 
pixel. The largest buffer was 41x41 pixels, representing 1,025 m square around a central 
pixel. This represents a 500 m square buffer around the central pixel, which corresponds 
17 
Table 3. Dimensions, number of pixels, buffer size and areas used and in the moving 
window analysis to generate greenness scores for pixels in the project study area. 
Dimensions (pixels) 
l x l 
5 x 5 
9 x 9 
21x21 
31x31 
41x41 
Pixels 
1 
25 
81 
441 
961 
1681 
Area (ha) 
0.06 
1.56 
5.06 
27.56 
60.06 
105.06 
Buffer size (m) 
0 
100 
200 
500 
750 
1000 
Note that buffer sizes are based on the resampled 25 m pixels, not the original raw 
30 m pixels associated with Landsat TM or ETM data. The buffer size represents the total 
width of the buffer area, rather than the distance either side of the centre pixel as is often 
referred to as buffer width in GIS terminology. 
18 
to the estimated average daily movements of a female grizzly bear in the mountainous 
portion of the study area as derived from a preliminary GPS collar data obtained as part 
of the PGPffiP (Ciarniello et al 2001). 
Reference Greenness Values 
To develop a general reference of TCA and NDVI greenness for different habitat 
types in the study area, 25 different habitat types were subjectively selected based on my 
knowledge of those areas from field visits or aerial surveys (Table 4). The selected 
habitat types were visually distinguishable on the satellite image of the study area. When 
choosing habitat types, I tried to select a diverse array of regions in both the mountains 
and plateau portions of the study area, as well as an array of what I subjectively perceived 
to be good and bad habitat quality. This selection offered a range of habitat qualities. 
Within each habitat type, PCIWorks software was used to select 20 random pixels and I 
extracted TCA and NDVI greenness for each of those pixels. 
Bear Capture and Telemetry 
In conjunction with this thesis, I was involved in the grizzly bear capture effort 
carried out between 1997 and 2000 under a contract with the British Columbia Ministry 
of Environment and the British Columbia Conservation Foundation. A summary of 
grizzly bear capture and telemetry methods are appended to this thesis (Appendices A-F). 
Complete details of grizzly bear capture and monitoring are available as annual progress 
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reports (Mamo et al 1999, Ross et al. 2000, Ciarniello et al. 2001, Ciarniello 2006). 
Home-Range Analysis 
Home-range sizes for individual bears were calculated using the 100% Minimum 
Convex Polygon (MCP) technique, and the Animal Movements extension (Hooge and 
Eichenlaub, 1997) in ArcView GIS 3.2 software (ESRI1999). The 100% MCP home-
range was shown to underestimate home-range size compared to GPS home range 
estimates in the Parsnip Grizzly Bear Project study area (Ciarniello et al. 2001). Only 
those animals with more than 20 annual radio-locations were used to calculate home 
ranges, recognizing that less than 20 telemetry locations may not accurately represent the 
grizzly bear home ranges (Boulanger and White 1990, Arthur 1996). To minimize the 
effects of autocorrelation, radio-locations were collected a minimum of 48 h apart (White 
and Garrott 1990), but more often the locations were collected weekly. The home ranges 
were converted into a GIS data layer for use in the RSF analysis described below. Three 
bears, whose home ranges were in both the mountain and plateau were omitted from the 
RSF analysis. 
Model Development and Analysis 
I used a univariate logistic regression to analyze and compare TCA and NDVI 
greenness at various scales, specifically different buffer sizes (Table 3). Second-order 
habitat selection (Johnson 1980), or habitat use within the home range, was evaluated. 
Specifically greenness scores within each grizzly bear's 100% Minimum Convex 
Polygon (MCP) home range were evaluated. Grizzly bear telemetry locations within a 
100% MCP home range were employed as use locations, while an equal number of 
random points were generated, using the Animal Movements extension (Hooge and 
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Eichenlaub, 1997) in Arcview, within each 100% MCP home range to estimate 
availability. The number of random points generated was equal to the number of 
telemetry locations collected, which is consistent with other studies that model the 
probability of grizzly bear occurrence as a function of environmental variables (Pereira 
and Itami 1991, Mace et al. 1999, Stevens 2002). The number of telemetry location used 
for this analysis was different for mountain bears in all seasons (n=1340), plateau bears 
all seasons (n=284) mountain bears in the summer (n=1038) and plateau bears in the 
summer (n=218). 
A 2-way random and fixed effects Analysis of Variance (ANOVA) was employed 
using Inter cooled Stata Version 7 (StatCorp 2001) to analyse the effect of greenness 
selection and the effect of individual bears in the mountains and plateau. The 2-way 
anova included the interaction term of used*individual. Use and availability of greenness 
were plotted using a box and whiskers plot for mountain and plateau data. I checked 
homogeneity of variance with the sdtest in Inter cooled Stata Version 7 (StatCorp 2001) 
and that a In skew zero transformation was needed to address homogeneity of variance 
for the NDVI data. 
The data were grouped into four sets of models. Each model set was grouped by 
season and region and grouped to compare competing candidate models. The model sets 
were divided based on plateau and mountain grizzly bear data which are significantly 
different (Ciarniello 2006), and full season and summer season. Summer months were 
defined as June and July; late summer and fall began when the bears began to stop 
foraging on vegetation, specifically cow parsnip (Heracleum lanatum), and switched to 
other plant species and berries. Each set of candidate models compared TCA and NDVI 
22 
with 6 different buffers applied to the point data for a total of 12 candidate models in 
each set. Candidate models compared greenness selection for mountain bears, plateau 
bears, mountain bears in summer months, plateau bears in the summer months. 
The buffer size ranged from a single pixel (no buffer) to a 41x41 pixel buffer. The 
mean greenness score was calculated at the center of each of these square buffers (Table 
3). For example, the pixel at the center of a 5x5 pixel buffer would be the mean greenness 
value of its own value and the surrounding 24 pixels. Each pixel is 25x25 metres, so the 
pixel immediately adjacent to the center pixel would be 50 m from the edge of the central 
pixel. 
The "logit" (logistic regression) function of Intercooled Stata Version 7(StatCorp 
2001) was used to run a univariate logistical regression for each of the candidate models 
comparing TCA and NDVI greenness at the buffer sizes. I used the Akaike 
Information Criterion (AIC) to select the best candidate model from a subset of potential 
candidate models (Burnham and Anderson 1998). The AAICC was used to calculate the 
AIC weight (w;), which describes the relative strength of the model (Burnham and 
Anderson 1998). This means that according to the AIC approach, AIC weights (WJ) 
express the relative support of a specific model's fit to the data (Fielding and Bell, 1997). 
The sum of all the AIC weights (Z wO in a set of competing models is equal to 1. Each 
model's AIC weight value can be interpreted as the probability that it is the best 
representation of the patterns in the data, given the set of the models tested. The AIC 
weight was calculated for each model, and the models were ranked from highest to 
lowest based on AIC weight. Top models were considered those where Z w; > 0.95. 
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The LROC function in Stata (StatCorp 2001) was used to calculate an index for 
the relative operating characteristic curve (ROC) (Tabachnick and Fidell 1996, Boyce et 
al. 2002). The ROC score indicates the relative proportions of correctly and incorrectly 
classified predictions over a continuous range of threshold levels (Tabachnick and Fidell 
1996). The ROC index ranges between 0.5 for models with no discrimination ability and 
1 for models with perfect discrimination ability. ROC values ranging between 0.5 and 0.7 
indicate poor model discrimination capacity; values between 0.7 and 0.9 indicate 
reasonable discrimination ability and values higher than 0.9 indicate very good model 
discrimination ability (Pearce and Ferrier 2000). 
I used a k-fold cross validation for evaluating prediction success of the top models 
where X w\ > 0.95, in each of the 4 sets of the candidate models (Boyce et al. 2002). This 
involved calculating the correlation between RSF ranks and area-adjusted frequencies for 
a withheld sub-sample of data, and used a Spearman-rank correlation coefficient. 
RESULTS 
Satellite image analysis 
Greenness scores for both TCA and NDVI were visually inspected as gray-scaled 
images of the study area. By observation the TCA image had better image contrast than 
the NDVI image between different habitat types specifically where there was a sharper 
contrast between areas of higher and lower greenness, despite the overall range in 
greenness values being smaller (Figures 2 and 3). 
The relationship between TCA greenness and NDVI was non linear (Figure 4) 
when comparing greenness scores within the study area, which is supported by other 
studies (Bannari et al. 1995, Aufmuth 2001). Inspection confirmed that areas with 
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Figure 4. Scatterplot of Tasseled Cap Analysis (TCA) greenness and Normalized 
Difference Vegetation Index (NDVI) greenness derived from Landsat TM data for each 
pixel in the study area. 
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herbaceous vegetation and grass cover had higher greenness scores, than areas with 
coniferous forest cover. Non-vegetated areas, such as water and rock, had the lowest 
greenness scores. TCA and NDVI ranked the habitat types in the same general order, but 
with some subtle differences (Table 4). 
The comparative histograms of frequency distributions of digital numbers 
between TCA and NDVI showed that TCA displayed a tighter and more consistent 
distribution corresponding to a lower range of values, while the NDVI distribution was 
more scattered, erratic and slightly skewed towards lower greenness values. There were 
more NDVI values scattered and erratic in the lower part of the frequency distribution 
compared to the TCA distribution (Figure 5). 
The mean greenness for both TCA and NDVI in the mountains is higher than in 
the plateau portion of the study area.The range of TCA greenness values for both use and 
availability was higher in the mountains than in the plateau (Figure 6). 
Model performance 
Mountain Models 
Of the 12 competing candidate models for the mountains TCA 21x21 (500 m 
buffer) was the top ranked model (Table 5). The TCA 21x21 model explains 100% of the 
variation in the mountain model set and has very strong support. The k-fold cross 
validation provided a mean Spearman rank correlation of 0.77 (p<.05) indicating that this 
model had good predictive capability. For bears in the mountains, TCA values for used 
were significant (F i,2632 = 43.88, P < 0.001), as were differences among individual bears, 
(F 23,2632 = 4.19, P < 0.001) and the interaction term (F
 23,2632 = 3.85, P < 0.001). 
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5% 
0% 
0 TCA Greenness 255 
5% 
0% ^ L A i ^ l M i i i b U 
0 NDVI Greenness 255 
Figure 5. Comparison of frequency distribution of digital numbers of Tasseled Cap 
Greenness and Normalized Difference Vegetation Index greenness, derived from Landsat 
TM data for all pixels in the project study area between 1998 and 2000. 
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Figure 6. Box and Whiskers plot showing mean and standard error for the use and 
availability of Tasseled Cap Analysis greenness in the mountain and plateau portions of 
the project study area. 
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Table 5. Models comparing use and availability for Tasseled Cap Analysis (TCA) and 
Normalized Difference Vegetation Index (NDVI) greenness at various scales for 
mountain grizzly bears. Models were ranked by AIC (Akaike Information Criterion) 
weight (vvj) and evaluated using Receiver Operating Characteristic (ROC) curve. A k-fold 
cross validation using a Spearman rank correlation coefficient (rs) was done for top 
models where E w;> 0.95. 
Model 
type 
TCA 
TCA 
TCA 
TCA 
TCA 
TCA 
NDVI 
NDVI 
NDVI 
NDVI 
NDVI 
NDVI 
Buffer size 
(pixels) 
21x21 
9x9 
31x31 
5x5 
41x41 
lxl 
9x9 
5x5 
21x21 
lxl 
31x31 
41x41 
n 
1340 
1340 
1340 
1340 
1340 
1340 
1340 
1340 
1340 
1340 
1340 
1340 
K 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
Log 
Likelihood 
-1734.21 
-1742.64 
-1745.06 
-1747.44 
-1751.73 
-1762.92 
-1804.24 
-1805.49 
-1807.25 
-1812.32 
-1820.75 
-1827.85 
Beta 
(P). 
0.0569 
0.0457 
0.0638 
0.0412 
0.0180 
0.0342 
0.0233 
0.0214 
0.0263 
0.0180 
0.0256 
0.0248 
AICc 
3472.42 
3489.29 
3494.12 
3498.89 
3507.48 
3529.84 
3612.50 
3614.99 
3618.52 
3628.64 
3645.52 
3659.71 
AIC weights 
(Wi) 
1.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
ROC 
0.67 
0.67 
0.66 
0.66 
0.66 
0.65 
0.62 
0.62 
0.61 
0.62 
0.59 
0.58 
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For NDVI used, (F i,2632 = 28.75, P < 0.001), individual bears (F 23,2632 = 3.88, P < 0.001) 
and the interaction term (F 23,2632 = 4.32, P < 0.001) were all significant. 
Plateau Models 
Of the 12 competing plateau models there was no strong support for any specific model 
(Table 6). The top 8 plateau models are needed to explain 95% of the variability in the 
model set based on AIC (I W[ > 0.95). Likewise k-fold cross validation provided a mean 
Spearman rank correlation of < 0.5 for all the top 5 models indicating that these models 
had poor predictive capability. This means that the top 8 models are all equally plausible 
according to AIC and none of the 12 models in this set exhibit good predictive ability in 
terms of ROC or k-fold values. For TCA values and bears in the plateau, the effects of 
used (F 1,552 = 11.71.1, P < 0.001), individual bears (F 7,552 = 6.32, P < 0.001) were significant but 
there was no interaction (F 7,552 = 0.86, P = 0.542). For NDVI and bears the effects of used (F 
1,552 = 10.28, P < 0.001) and individual bears (F 7,552 = 6.25, P < 0.001) were significant, but 
there was no interaction (F 7,552 = 1.38, P =0.212) in the plateau. 
Mountain in Summer Models 
Of the 12 competing candidate models for the mountains in the summer period 
TCA 21x21 (500 - m buffer) was the top ranked model (Table 7), explaining 97% of the 
variation in the mountain model set. Based on the AIC this top model was also strongly 
supported by the I W{ > 0.95. The k-fold cross-validation provided a mean Spearman 
rank correlation of 0.88 indicating that this model had a very good predictive capability. 
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Table 6. Models comparing use and availability for Tasseled Cap Analysis (TCA) and 
Normalized Difference Vegetation Index (NDVI) greenness at various scales for plateau 
grizzly bears. Models were ranked by AIC (Akaike Information Criterion) weight (wi) 
and evaluated using Receiver Operating Characteristic (ROC) curve. A k-fold cross 
validation using a Spearman rank correlation coefficient (rs) was done for top models 
where I wi> 0.95. 
Model 
Description 
NDVI 
NDVI 
TCA 
TCA 
NDVI 
TCA 
TCA 
NDVI 
TCA 
NDVI 
NDVI 
TCA 
Buffer size 
(pixels) 
41x41 
31x31 
31x31 
9x9 
9x9 
41x41 
21x21 
21x21 
5x5 
5x5 
lxl 
lxl 
n 
284 
284 
284 
284 
284 
284 
284 
284 
284 
284 
284 
284 
K 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
Log 
Likelihood 
-381.84 
-382.54 
-382.60 
-382.61 
-383.18 
-383.22 
-383.23 
-383.27 
-384.10 
-384.29 
-385.75 
-385.83 
Beta 
(P).. 
0.0421 
0.0391 
0.0726 
0.0547 
0.0298 
0.0742 
0.0342 
0.0623 
0.0473 
0.0260 
0.0204 
0.0369 
AICc 
767.72 
769.12 
769.24 
769.26 
770.40 
770.48 
770.51 
770.58 
772.25 
772.62 
775.54 
775.70 
AIC weights 
(W{) 
0.27 
0.14 
0.13 
0.13 
0.07 
0.07 
0.07 
0.07 
0.03 
0.02 
0.01 
0.01 
ROC 
0.58 
0.58 
0.59 
0.60 
0.58 
0.59 
0.59 
0.58 
0.59 
0.58 
0.57 
0.58 
rs 
0.20 
0.49 
0.41 
0.44 
0.49 
0.55 
0.44 
0.48 
0.39 
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Plateau in Summer Models 
Of the 12 competing plateau in summer models there was no strong support for 
any specific model (Table 8). The top 4 plateau models are needed to explain 95% of the 
variability in the model set (I wx > 0.95). The k-fold cross validation provided a mean 
Spearman rank correlation of <0.5 for all indicating that these models had poor predictive 
capability. This means that none of the models have a good predictive ability and the top 
4 models are all plausible (Burnham and Anderson 1998). 
DISCUSSION 
Image Comparison 
Although TCA and NDVI greenness are similar and strongly correlated, there are 
some subtle differences in the resulting greenness values derived by these 2 classification 
methods that may have implications for their use as a variable in habitat-models for 
grizzly bear. The main difference in the frequency distribution curves for these two 
vegetation indices is that NDVI has more "noise" in the lower end of the distribution 
curve, specifically within the greenness value range of 50 to 90 (Figure 5). Conversely 
the TCA values distribution is tighter particularly around areas of highest greenness as 
calculated in the satellite image. TCA appears to better isolate those areas of high 
greenness while truncating lower values. By observation TCA better delineates the 
contrast between areas of high and low greenness (corresponding to deciduous and 
coniferous vegetation) despite having a smaller overall range of greenness values. 
Because TCA is better at differentiating these greenness ranges, it may be better suited to 
use in habitat-selection models. Conversely NDVI, at the extreme values does not 
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produce the same level of habitat discrimination or consistent image contrast. This may 
be due to how the 2 indices are calculated. TCA uses a multiplicative matrix of 6 Landsat 
TM bands which increases the likelihood that the frequency distribution will be truncated 
at lower values. 
The relative complexity of the formula, which includes 4 more bands than NDVI 
(Rouse 1974) produces the tighter distribution and more truncated greenness value 
distribution. Conversely, NDVI uses only a ratio between 2 bands, for Landsat TM bands 
3 and 4, which is a simpler but coarser calculation. Greenness scores at the lower end of 
the frequency distribution curve remain as noise and this produces a less truncated 
frequency distribution (Figure 5). Because the NDVI calculation only uses 2 bands, this 
vegetation index can be calculated more quickly and uses less memory for data storage 
and processing, but with increasing processor speeds and memory capacity this is less of 
a concern than in the past. 
The variability in mountain greenness values is largely a reflection of the terrain 
characteristics, which parallels results presented by Lay (2005) where slope and aspect 
had a significant influence on greenness. The plateau portion of the study area has less 
variability in topography and greenness (Delong et al. 1990). RSF models based solely on 
greenness could be enhanced by incorporating other topographic variables (Ciarniello et 
al. 2002, Stevens 2002, Lay 2005, Ciarniello 2006), but this falls outside of the specific 
scope of this study. Greenness in this case should not be considered a stand-alone 
predictor of grizzly bear habitat use, but rather a potentially significant component of 
multivariate grizzly bear habitat selection models (Gibeau 2000, McLellan and Hovey 
2001, Stevens 2002, Apps et al. 2004, Ciarniello 2006). 
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Model performance 
TCA greenness with a 21x21-pixel buffer was the only model to perform well 
according to AIC. In other studies greenness was a factor in the development of 
multivariate RSF models (Mace et al. 1999, Stevens 2002, Theberge 2002, Ciarniello 
2006). The best predictive models were those based on grizzly-bear data from the 
mountains. The 2-factor ANOVA revealed that the response to TCA values (both higher 
and lower) depended on individual bears in the mountains. If I had accounted for 
individual bears in the RSF models, then some individuals may not have dominated the 
models and the results might have varied. In the plateau the 2-way ANOVA revealed that 
there was no interaction, indicating that all of the bears appeared to have higher used than 
random values. 
TCA greenness provided a better visual representation of areas of high greenness, 
and delineating contrast between general areas of high and low greenness. TCA was also 
better at identifying areas of higher greenness values in shadowed areas of the image, 
while NDVI designated those areas with low greenness values regardless of the actual 
habitat type. Although the shadowed areas only account for a small percentage of the 
study area (<2%), they usually occur in mountainous areas due to the influence of rugged 
mountain peaks. Areas adjacent to rugged mountains are often open shrub meadows, 
alder swales and avalanche, which have been identified as high quality grizzly bear 
habitat (Ramcharita 2000, Ciarniello et al 2001, Forsythe et al. 2003, Lay 2005, Mowat 
2005). These mountainous areas also contain some of the highest densities of bears in the 
study area (Mowat 2005). NDVI gives low digital numbers in some of the best bear 
forage regions of the study area, specifically where greenness values are masked by 
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shadows in mountainous terrain. The influence of terrain and other physical features in 
the mountains make features with higher greenness scores, such as avalanche chutes 
more distinct (Ramcharita 2000, Forsythe et al. 2003, Lay 2005). 
The best performing model in the mountains was the TCA with a 21x21 buffer. 
This 27.6 ha buffer represents an area including 250 m in each direction from the central 
pixel. This specific buffer size may be important for several reasons. First, based on field 
investigations completed during the PGBPHIP it was observed that grizzly bears in the 
mountains are almost exclusively dependant on vegetation as a food source, based on 
habitat use plots (Ross et al 2000, Ciarniello et al. 2001, Ciarniello 2006). Greenness 
scores in these areas are amongst the highest in the study area (Table 4). These results are 
consistent with other studies that used greenness to identify high quality grizzly forage 
(Mace et al. 1999, Stevens et al. 2002). In the mountainous portion of the study area, 
bears were more often, if not exclusively, observed feeding on vegetation and rodents 
based on habitat use plots (Ross et al. 2000, Ciarniello et al. 2001). The availability of 
good quality habitat, as defined by greenness was more diverse and more clearly 
delineated by elevation change, slope and aspect (Ciarniello 2006). Higher quality 
greenness patches were often limited to south facing slopes and avalanche paths, which 
were surrounded by extents of poorer quality habitats (rock, ice and forests). These areas 
can be several hundred m in size which corresponds to the buffer size of 250 m each side 
of the central pixel (Ramcharita 2000). 
Another factor potentially contributing to the utility of application of a buffer 
could be associated with bias in the aerial-telemetry data collection. Aerial telemetry data 
were always collected during daylight hours, and usually in periods of good weather. 
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During sight visits to telemetry locations the actual location was in a sheltered spot where 
the bear was bedded down in thermal cover, but signs of vegetation feeding were 
observed within a few hundred m of the bed (Ross et al 2000, Ciarniello et al. 2001, 
Ciarniello 2006). Mowat et al. (2005) found that bear densities are about 4 times higher 
in the mountains than on the plateau. Habitat use in the study area is likely influenced by 
social interactions amongst bears (Otis 1998). The higher density of bears in the 
mountains may influence bears, particularly females with cubs, causing them to move 
less to avoid encounters with other bears or to choose suboptimal habitats. 
Conversely, plateau-based models had a poor predictive ability (Table 8). The 
more homogeneous terrain of the plateau ecosystem makes identifying selection more 
difficult. The plateau has more forested habitat types which fall below the median 
greenness values in the study area (Table 4). Another confounding factor may be that 
bears in the plateau behave differently than bears in the mountains. Specifically plateau 
bears spend less time in the den, have larger home ranges, are physically larger and move 
greater distances than mountain bears (Ciarniello 2006). Human activities, more common 
in the plateau, specifically roads, can significantly influence the habitat use of grizzly 
bears in British Columbia (Archibald et al. 1987, Forman and Alexander 1998, McLellan 
and Hovey 2001). Mowat et al. (2005) presumed that bear movements on the plateau had 
more to do with human impacts on habitat and survival than ecosystem productivity. So 
greenness may not be as important a metric for plateau bear habitat selection. 
The top performing models for the summer period on the plateau all incorporated 
buffers of 21x21 pixels or larger based on AIC where I wj > 0.95. Radio-collared grizzly 
bears in the plateau portion of the study area have larger home ranges (Ciarniello 2006) 
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which may make identifying selection for smaller patches of high greenness more 
difficult, by diluting their significance (Appendix A). Both grizzly bear radio-location 
and remote sensing data were not sufficient to perform an analysis for all seasons in the 
study area. The implications of using a pooled data from several bears for the models is 
that the results may be influenced by a specific few bears in the study. 
During field investigation, grizzly bears in the plateau portion of the study area 
were much more likely to consume ungulates, specifically moose, during the summer 
season (Mamo et al. 1999, Ross et al 2000, Ciarniello et al. 2001, Ciarniello 2006). The 
energetic importance of consuming moose for bears (Jacoby et al. 1998) in these regions 
would not be directly reflected in selection for vegetation or its surrogate, greenness. This 
would limit the applicability of greenness models in regions where marine derived 
nutrients (spawning salmon) or terrestrial proteins (ungulates) are a significant food 
source. This supports the suggestion that different buffer sizes should be applied in 
different habitat types or regions when developing habitat selection models (Stevens 
2002) or to the extent of the buffer (Ciarniello 2006). 
In this study, in the mountains, medium sized buffers of approximately 500 m or 
21x21 pixels are supported by the data (Tables 7 and 9). This size of buffer may be more 
applicable in the mountains and larger buffers more applicable on the plateau. This 
approach parallels the results of other studies in western Canada where Gibeau (2000) 
applied buffers of 1500 m which approximate the daily movements of a female grizzly 
bear. Ciarniello (2006) applied different buffers to extent of home ranges based on data 
collected in the mountains and plateau of the study area. The different extent of the buffer 
reflected different movement rates biologically, where buffers on the plateau were bigger 
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than buffers applied in the mountains. Buffer sizes were calculated based on weekly 
movements of 7-11 km and these may be too large for this type of buffer application. 
Exploring different temporal scales as they relate to buffer size may be an interesting 
study for future researchers. Where possible, buffer grain and extent consideration should 
incorporate local biological data for the grizzly bears (Bian and Walsh 1993). On a 
cautionary note, analysis at a fine scale may be inappropriate, considering potential 
impairments to radiometric quality which may confound greenness results, possible in the 
NDVI dataset (Lay 2005). Conversely, an overly large buffer may dilute the utility of a 
vegetation index. 
The mean availability of greenness is higher in the mountains than the plateau 
portions of the study area (Figure 6). In the mountains the greenness values range from 
very high on avalanche chutes to very low for rock and ice, while the plateau greenness 
scores are more homogenous (Figure 4). This difference is reflected in the topography 
and terrain of the regions. The use and availability of vegetation as measured by 
greenness for bears in the plateau shows a much weaker selection for greenness. Plateau 
bears have access to food sources not as abundant or available in the mountains such as 
moose and ants (Ciarniello et al 2001). In the plateau, where bears are likely to consume 
at least 1 moose per year (Ross et al. 2000), the direct effect of greenness scores are not 
evident in bear habitat selection. 
A factor, not captured by the single Landsat image employed in this study, is that 
the growing season is longer in the plateau regions of the study area than in the 
mountains (DeLong et al 1990). These differences could be captures by using a set of 
seasonal images to monitor vegetation change in different portions of the study area. 
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Although greenness values are slightly lower and more homogenous on the plateau, bears 
have access to these habitats for more of the year since bears on the plateau spend less 
time in their dens (Mamo et al. 1999, Ross et al. 2000, Ciarniello et al. 2001, Ciarniello 
2006). The addition of a temporal data series to the remote sensing data may enhance 
further results using vegetation indices to model habitat use models. 
Greenness although correlated to biomass (Merrill et al. 1999) may not always be 
correlated to high quality bear foods and may be influenced by factors like human 
disturbance, not reflected in a single remote sensing data (Mace et al. 1999, Stevens 
2002, Theberge 2002, Mowat et al. 2005, Ciarniello, 2006). On a finer scale greenness 
scores may not always be an adequate surrogate for habitat quality (Ramcharita 2000, 
Forsythe et al. 2003). For example even high greenness avalanche chutes (Table 4) 
abundant in biomass are not always rich in bear foods throughout (Ramcharita 2000, 
Forsythe et al. 2003). 
Because this study used bear home ranges (Appendix A), these results were from 
a second order selection (Johnson 1980), but could likely be extrapolated to the entire 
study area. Based on census data we can safely assume that there are bears in the entire 
study area (Mowat et al. 2005). The study area is similar to the surrounding area and 
these surrounding areas are also likely to contain grizzly bears. In this study, TCA 
greenness models worked only in the mountainous portion of the study area and the 
applicability of greenness models may have other limitations outside of Interior British 
Columbia. This study suggests that grizzly bears may be distributed relative to greenness 
values in the mountains. Some exceptions to the applicability of greenness modeling 
would be coastal areas where bears feed on salmon and selection would not be directly 
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reflected in the vegetative habitat types. Mowat et al. (2005) found bear densities to be 
highest in the mountains and lowest in the plateau and average bear movements were 
longer in less productive ecosystems. 
Seasonal variations, in temperature, precipitation and vegetation phenology have 
an effect on habitat-selection for grizzly bears (Gibeau 2000, Stevens 2002). In north-
central British Columbia, there is a great deal of seasonal variation in the vegetation 
phenology throughout the year (Lay 2005) in addition to variation in vegetation growth 
based on slope aspect and other terrain features (Delong 1993, Ciarniello 2006). This 
study was limited to just one remote-sensing image and thus was not able to follow 
seasonal differences in greenness. 
Limitations of the remote sensing data 
A finer resolution, or time series data set of Landsat images to reflect habitat for 
each season and year, throughout the 3 years of the study was not available due to cloud 
cover. A more extensive series of images could capture some habitat nuances and 
improve the results. This study used the most suitable image, based on quality and 
timing, to calculate greenness for the study area. Mace et al. (1999) found coefficients for 
greenness were positively associated with bear habitat use during all seasons. The 
frequency of Landsat satellites passing over the study area was once every 16 days and 
this would rarely correspond with cloud-free days, limiting the ability to get time-series 
data. The July 23, 2000 scene was the most current and best quality image available for 
the study area and because it was from the third year of the study I did not miss any 
major changes to the landscape. The date of this image corresponds to the period of 
maximum grizzly vegetation use from field investigations in the PGBHJP (Ciarniello et 
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al. 2001). As previously stated, Lay (2005) found that July and August Landsat images 
accounted for 86% of the NDVI greenness seasonal variability and maximum greenness 
values. Logging and related activities in my study region accounts for a 1-2% change in 
the forest structure composition annually. The forest structure also changes annually due 
to vegetative succession and growth, but I do not think this was a significant source of 
error in these analyses. Acquiring images from all seasons and all years might be 
beneficial for future studies. 
These factors have made remote sensing a better tool for the calculation of 
greenness. By using finer-scale data, researchers should be able to more accurately reflect 
the vegetation quality through the surrogate of greenness. The increases in technology 
should allow for better access to timescale and vegetation phenology data. Greenness 
data and other vegetation indices should continue to become cheaper, more accurate and 
easily accessible. This should contribute to more representative RSF models for grizzly 
bears and better management and conservation for the species. 
MANAGEMENT IMPLICATIONS 
Habitat loss is one of the most important conservation issues facing grizzly bears 
in North America (Paquet and Hackman 1995, Boyce and McDonald 1999, Stevens 
2002, Nielsen et al. 2003). Therefore, developing tools to monitor grizzly bear habitat is 
essential to the effective management and conservation of grizzly bears. Biologists are 
often required to decipher complex ecological systems, and understanding the habitat 
selection of grizzly bears is a task that can only be interpreted through diligent well 
planned research, observations and analysis (Franklin et al. 2001). Resource selection 
models for grizzly bear are not only becoming a more common tool in the researcher's 
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toolbox, but these models are more accurately reflecting the behaviours and selection 
choices of grizzly bears (Nielsen et al. 2003). Greenness is commonly being used as a 
surrogate for habitat quality and a component of these models (Stevens 2002, Mace and 
Waller 1997) as well as a tool to detect landscape changes for wildlife (Sachs et al. 1998, 
Stevens 2002, Gustine et al. 2006). 
As technology and available data improve, so too do the inputs for multivariate 
RSF models. In this study greenness types and scales are evaluated indicating that the 
TCA greenness vegetation index with a 21x21-pixel buffer performed best in the 
mountainous portion of the study area. Although the model results of this study are 
limited, they have implication for the development of other habitat models for grizzly 
bears as well as other species. TCA and NDVI are similar but with subtle differences 
(Figure 2). If studies attempt to address questions of finer scale habitat questions then 
TCA may perform better for these approaches. Not only does TCA better contrast the 
differences between areas of high and low greenness, but it also is better able to identify, 
small but potentially significant habitat types, such as those in mountain shadows, better 
than NDVI. 
This study suggests that an averaging buffer be applied to greenness data in order 
to better reflect the scale at which animals use habitat and resources, which is supported 
by other studies (Stevens 2002, Ciarniello 2006). The basis for the size of the buffer 
might be determined using biological data acquired from radio-telemetry, and GPS 
technology to estimate spatial movement patterns. Buffer sizes may differ between 
habitat types, topography, and the sex and age of the bears in question, and these should 
be considered when selecting a buffer size. It must also be noted that other factors, such 
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as human disturbance may supersede bears' behaviour and selection for greenness. Other 
environmental factors such as rich food sources (salmon or moose) may not be reflected 
in greenness models and should be addressed separately. 
Grizzly bears are a far-ranging species and analysis of their habitat is greatly 
enhanced by the use of Geographic Information Systems (GIS) covering large areas. 
Remote sensing satellite imagery is ideal for application in grizzly bear habitat modeling, 
not only because it covers large geographic extents, but also because it can potentially be 
frequently updated and used for landscape level change detection (Debinski et al.1999, 
Stevens 2002). Grizzly bear habitat models are becoming increasingly sophisticated and 
complex (Boyce and Waller 2003). Improvements in computer processor speeds, the 
ability to handle large volumes of data and more sophisticated GIS software options 
combined with better habitat use data have resulted in models which can more accurately 
reflect and predict grizzly bear habitat use (Nielsen et al. 2003, Ciarniello 2006). 
Continued refining of remote sensing data in turn improves the utility of vegetation 
indices in habitat selection model development (Lay 2005). 
Vegetation indices may be good predictors of habitat use by grizzly bears in 
central British Columbia, but they are more applicable as part of a suite of predictor 
variables (Ciarniello et al. 2002, Nielsen et al. 2003, Ciarniello 2006). In the mountains, 
TCA Greenness with a 21x21-pixel buffer worked better than all the NDVI models in this 
study but did not provide support for the use of greenness outside of mountainous terrain. 
The TCA formula removes some of the digital noise that may confound the model. In this 
study greenness models, as a surrogate for grizzly bear habitat quality, perform better in 
the mountains than the plateau. Bears in the mountainous portion of the study area are 
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more reliant on high quality patches of vegetation, while bears in the plateau have access 
to moose and other protein sources. 
The TCA greenness model with a buffer of 21x21 pixels performed well in the 
mountains in the summer based on AIC. The buffer size corresponds to 500 m, the 
average daily movement of an adult female grizzly bear in the mountains, while males 
exhibited larger home ranges (Appendix C), which corresponds to other studies 
(Blanchard and Knight 1991, Mace et al. 1999, Gibeau 2000). When employing 
greenness, one should attempt to use a buffer that reflects average daily movements of 
the study animal and appropriate scale data. This biological information may be obtained 
by radio-telemetry or GPS collars and may be an important part of validating greenness 
and resource selection models. The applied scale or buffer size is important and the best 
buffer may vary according to habitat type and geography (Ciarniello 2006). 
An important next step in understanding the relationship between greenness and 
grizzly bears would be to conduct a study that directly relates remote-sensing-greenness 
scores to on the ground vegetation biomass and composition. It would be useful to design 
a study to answer the question "what does greenness really mean to a grizzly bear?" and 
to measure biomass (Merrill et al. 1993, Arsenault et al.1997), important to bears and 
relate it to greenness classifications. Remote-sensing data could be correlated with field 
plots to assess the biomass and composition of plant species, vegetation phenology 
(Merrill et al. 1993, Groten and Ocatre 2002) and their importance to bears. A higher 
resolution sensor might be more appropriate for this kind of study. 
By continuing to strive to refine model components, biologists will be better able 
to understand the complex habitat requirements of grizzly bears (Servheen and 
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Sandstrom 1993). Due to the variability in the results between the mountains and plateau, 
caution should be applied when extrapolating these results to different regions or scales. 
Understanding the spatial requirements of a species will help researchers and managers 
alike to make informed decisions on the conservation of grizzly bears and their habitats 
for generations to come. The recommendations made in this study suggest using 
greenness with some subtle, but important modifications to the combination of type of 
analysis and buffer size. Advances in the science of habitat modelling will improve the 
predictive ability of RSF models (Boyce et al. 2002, Nielsen et al. 2003). By continually 
striving to incrementally improve aspects of habitat selection models, scientists should be 
able to develop better models and hopefully further the understanding of grizzly bears 
and other species. 
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APPENDICES 
Appendix A. Summary of Grizzly Bear Capture and Telemetry 
Capture effort was distributed across the entire study area by the project capture 
team. During the first 2 years of the study I was the project leader and involved in all 
aspects of project operations (Mamo et al. 1999, Ross et al. 2000, Ciarniello et al. 2001). 
Capture efforts began in the fall of 1997, when 15 snare sites at locations throughout the 
study area were set up and monitored. Sites ranged between high alpine and valley 
bottom in a variety of habitat types. Uniform trapping effort is important to study design 
(Skalski and Robson 1992, Ratti and Garten 1996). Although we endeavoured to trap in 
all areas across the study area we were limited by road access, helicopter landing sites, 
proximity of people, and finances. We tried to trap where we would be most likely to 
safely capture a grizzly bear. Trapping conformed with British Columbia animal handling 
standards and all trapping crews had someone with valid British Columbia Wildlife 
Chemical Immobilization credentials. 
Bears were captured by 2 methods. Most of the bears captured in the mountainous 
portion of the study area were darted from a helicopter while most bears on the plateau 
were captured using an Aldrich foot snare or a culvert trap. Grizzly bears were darted 
using a Palmer Cap-Chur system or were hand injected with a jab pole and syringe. 
Telazol (tiletamine HCL/ zolazepam HCL) was injectedat an intended dose of 8 mg/kg. 
Ketamine was used at 2mg/kg as a top-up drug (Ross et al. 2000). 
Individual bears were equipped with a VHF conventional radio collar (Model 
LMRT-3, Lotek Engineering, Newmarket, Ontario), ear tag transmitter (Advanced 
Telemetry Systems, Isanti, Minnesota) or a Televilt GPS-Simplex Collar (Televilt 
66 
Sweden) or combination thereof. All radio collars were fitted with a breakaway cotton 
spacer to ensure that collars would not be worn permanently (Hellgren et al. 1988). 
Telemetry 
Radiolocations of collared grizzly bears were obtained from the air using a Cessna 
182 aircraft. Attempts were made to locate the bears twice per week, but at least 48 hours 
were allowed between locations, depending on prevalent weather conditions and 
availability of the aircraft and pilots. Locations were collected and stored with an on-
board GPS unit and later transformed to Universal Transverse Mercator (UTM) 
coordinates (North American Datum 1983). Locations were also collected with a portable 
Garmin 12XL, 12 channel GPS unit. These data were manually plotted and cross 
referenced with 1:50,000 topographic maps and 1:20,000 forest cover maps as a 
preliminary error check. Telemetry data were recorded on standardized data forms 
(Mamo et al. 1999) by project team members. Observers on board the aircraft also 
recorded the general habitat type that the bear was in at the time of the telemetry location 
based on the 22 available habitat types. The data were entered into a database using 
Microsoft Excel (MS) for storage and preliminary analysis, then converted into a GIS 
layer coverage. A Polaroid photograph was taken of each bear location by the observer 
in the aircraft. 
Bear Capture 
Between September 1997 and May 2000 the project capture team captured and 
marked 36 grizzly bears throughout the study area. Capture effort was distributed 
throughout both the mountainous and plateau region of the study area. Telemetry location 
data (Appendix B) and home range data (Appendix C) were calculated as part of the 
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Parsnip Grizzly Bear and Habitat Inventory Project (PGHIP) (Ciarniello 2006). 
Appendices D, E and F illustrate the home ranges of bears monitored during 1998, 1999 
and 2000 respectively. A more detailed summary of project results are published in 
progress reports (Mamo et al. 1999, Ross et al. 2000, Ciarniello et al. 2001, 2002) and are 
available on the internet at: http://web.unbc.ca/parsnip-grizzly/ 
Home Ranges 
Between 1998 and 2000 there were 47 cases where grizzly bears had at least 20 
telemetry location data sets in a single season. 46 data sets from collared bears were used 
to calculate home ranges for analyses (Appendix C). One individual bear had a home 
range that extended beyond the bounds of the available satellite image and was removed 
from the analysis. Home ranges for mountain bears were typically smaller and 
significantly different that those of bears on the Plateau (Appendix D, E and F) and males 
typically had bigger home ranges than females (Ciarniello et al. 2001). 
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Appendix B. Number of radiolocations and status from 1998 through 2000 for grizzly 
bears in the Parsnip Grizzly Project Study area. 
Bear ID 
GF1 
GF2 
GM3 
GF4 
GF5 
GM6 
GF7 
GM8 
GF9 
GF10 
GF11 
GF12 
GF13 
GM14 
GF15 
GF16 
GF17 
GF18 
GM19 
GM20 
GM21 
GM22 
GM23 
GF24 
GF25 
GF26 
GF27 
GM28 
GM29 
GF30 
GM31 
GF32 
GF33 
GF34 
GF35 
GM36 
Number of telemetry locations 
1997 1998 
6 5 
6 28 
6 
22 
26 
21 
23 
16 
26 
24 
25 
25 
24 
1 
21 
22 
19 
22 
22 
19 
22 
12 
2 
-
2 
2 
-
-
-
-
-
-
-
-
-
-
1999 
0 
16 
-
29 
31 
26 
29 
19 
33 
22 
31 
1 
31 
-
25 
28 
27 
29 
14 
1 
0 
12 
0 
35 
24 
26 
23 
27 
25 
25 
0 
25 
9 
7 
-
-
2000 
-
0 
0 
35 
6 
1 
36 
12 
32 
0 
34 
0 
27 
0 
33 
31 
35 
24 
0 
0 
0 
3 
0 
32 
0 
0 
0 
20 
32 
32 
0 
32 
38 
49 
41 
39 
Total 
11 
50 
6 
86 
63 
48 
88 
47 
91 
46 
90 
26 
82 
1 
79 
81 
81 
75 
14 
20 
22 
27 
2 
67 
26 
28 
23 
47 
57 
57 
0 
57 
47 
56 
41 
39 
Status 
Shed Collar May 1998 
Dead by June 1999 
Not heard since Sept. 1998 
Currently monitored 
Collar shed by June 2000 
Collar shed by May 2000 
Currently monitored 
Collar shed by May 2000 
Currently monitored 
Collar shed July 2000 
Currently monitored 
Collar shed by April 1999 
Collar shed by June 2000 
Collar shed May 1998 
With GPS collar 
With GPS collar 
-
-
Last located Sept. 1999 
Mortality May 1999 
Collar shed by Sept. 1998 
Collar shed by May 2000 
Mortality September 1998 
Collar shed by June 2000 
Collar shed by August 1999 
Collar shed September 1999 
Dead by September 1999 
Collar shed August 2000 
Currently monitored 
Currently monitored 
Not located 
-
Collar shed September 2000 
-
-
-
indicates no or insufficient data 
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Appendix C. 100% Minimum Convex Polygon (MCP) home range size and age at first 
capture for grizzly bears in the years 1998, 1999 and 2000 in the Parsnip Grizzly Project 
Study Area. 
Bear Number 
GF1 
GF2 
GM3 
GF4 
GF5 
GM6 
GF7 
GM8 
GF9 
GF10 
GF11 
GF12 
GF13 
GM14 
GF15 
GF16 
GF17 
GF18 
GM19 
GM20 
GM21 
GM22 
GM23 
GF24 
GF25 
GF26 
GF27 
GM28 
GM29 
GF30 
GM31 
GF32 
GF33 
GF34 
GF35 
GM36 
100% MCP home i 
1998 
-
50 
281 
240 
96 
526 
72 
4361 
44 
35 
149 
23 
48 
-
32 
35 
53 
99 
-
246 
301 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
1999 
-
-
-
159 
32.2 
232.7 
283.7 
1140.0 
32.5 
-
47.9 
-
59 
-
36.7 
17.7 
8 
21 
164 
-
-
-
-
-
63.8 
411.8 
69.5 
240 
-
32 
-
89.4 
-
-
-
-
^ 
range (km ) 2000 
-
-
-
57 
-
-
115 
-
49 
33 
33 
-
50 
-
32 
22 
6 
21 
-
-
-
-
-
-
-
-
-
-
117 
55 
-
35 
274 
377 
958 
1633 
Age at capture 
12 
19 
1 
9 
15 
6 
8 
5 
9 
9 
13 
22 
13 
16 
16 
10 
Adult 
15 
2 
2 
4 
8 
5 
Adult 
4 
18 
7 
5 
3 
12 
2 
8 
15 
5 
Adult 
Adult 
Location 
Mountain 
Mountain 
Mountain 
Mountain 
Mountain 
Mountain 
Mountain 
Mountain 
Mountain 
Mountain 
Mountain 
Mountain 
Mountain 
Mountain 
Mountain 
Mountain 
Mountain 
Mountain 
Mountain 
Mountain 
Mountain/Plateau 
Mountain/Plateau 
Plateau 
Plateau 
Plateau 
Plateau 
Mountain 
Plateau 
Mountain 
Mountain 
Mountain 
Mountain 
Plateau 
Plateau 
Plateau 
Mountain/Plateau 
- indicates no or insufficient data 
Appendix D. 100% MCP Home Ranges for Male and Female Grizzly Bears from the 
Parsnip Grizzly Bear Project in central British Columbia, 1998. 
Sg>SS3 
ran^ * i Home Ranges (1998) 
C Z 3 Female 
W R 3 ••1—^° — ^ © 1 C=3Maie 
(Reproduced from Ciarniello et al. 2001 with permission of the authors) 
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Appendix E. 100% MCP Home Ranges for Male and Female Grizzly Bears, from the 
Parsnip Grizzly Bear Project in central British Columbia, 1999. 
i%- * ^SP^BBra-TrmT^A % f # ^ ^ M^m^^sSv^5'^^ 
fc
~^m%sT^v-i <^' I?V*HZ : jTml^W'- • v \ w v ^ ? / , \ - w ^ ^ ^ V w ; . -v 
%^;;i^fe^ 
Home Ranges {1999) | 
^ ^ _ _____ Female 
_.V Q - 1 CZ3Male 
y-BE^g-"-WlC^T-.-i-| 
(Reproduced from Ciarniello et al. 2001 with permission of the authors) 
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Appendix F. 100% MCP Home Ranges for Male and Female Grizzly Bears, from the 
Parsnip Grizzly Bear Project in central British Columbia, 2000. 
.-^SsKlfclf^ Home Ranges (2000) I 
,.„„>Ei^fc:^ |—--|
 F e m a t e ^ 
Q N d Male 
—- ^n-yrl (Reproduced from Ciarniello et al. 2001 with permission of the authors) 
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